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Over the past decade, considerable efforts have been 
made to better understand the mechanical behavior of a 
企ac同re since it govems that of rock mass. Fractures in 
rock mass range in scale 企om a microfissure to a large 
fault system. Therefore, size effect on the mechanical 
behavior of a 企ac仰向 has to be considered when 
estimating the mean apert町e and the hydraulic 
conductivity of a 企ac旬reunder stres. Previous studies 
showed that the c10sure of a 丘acture at a given normal 
stress significant1y increases with 企ac旬re size. This 
effect can be attributed to an increase with 企acturesize 
in the standard deviation (SD) of the aperture, which 
gives a measure for the matedness of the 仕acture. For a 
sheared 企ac制re， it has also been numerically shown 
that the SD of the aperture of a sheared 企acture
increases with 企ac旬re size when shear displacement is 
greater than a certain percentage of the 丘ac印re size, 
since the matedness of the 丘acture decreases with 
frac旬re size. Accordingly，合印刷re size may affect the 
shear behavior of a 企acture. There have been a few 
experimental studies on the size effect on the 
mechanical behavior of a fracture under both normal 
and shear stresses. However, the aperture of the 
企acωrehas been rarely measured in these studies, and 
accordingly the mechanism for the size effect has not 
yet been well understood, whereas understanding of the 
apert町e evolution during shear may be a prerequisite 
to c1ariちring the mechanism for the size effect on the 
mechanical behavior of a sheared 企ac加re.
In this work, a decision was made to investigate the 
effects of size and normal s仕ess on the shear behavior 
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of a single tensile 企actureby using the direct shear test 
(DST), but it should be mentioned that the DST has 
been criticized for the non-uniform distributions of the 
S仕ess and deformation in a 企ac印re， which may affect 
the estimation of the hydraulic properties of the 
合印刷re， since non-uniform normal s仕ess may cause 
non-uniform c1osure. Therefore, in 由is study, both 
analytical and experimental investigations were 
performed. 
First, a 3D FEM analysis with quadratic joint elements 
asa 企acωremodel was performed for a limited case of 
a set of normal and shear 柑esses(O"n = 10 MPa and t' = 
7 MPa) 1) to examine the validity of the DST for a 
rock 企acture by analyzing both the stress and 
deformation in a 企ac加reand 2) to c1ariちrthe effects of 
specimen height on the s仕ess .and deformation in a 
合印刷re. The results obtained 仕om the simulation 
showed that the normal and shear s仕esses 紅e
significant1y concen仕ated ne訂 the end edges of the 
企acture， while they 訂e fair1y uniform in the central 
p紅t ofthe 企ac旬replane. Although the c10sure value is 
greater near the edges of the 仕ac旬re，where the normal 
S位ess is concentrated, this concentration of the closure 
is not so significant due to the non-linear behavior of 
the c1osure. According to the simulation result, the 
practical specimen height was determined for the 
stand紅dheight to be used throughout this work, and a 
compact direct shear test apparatus was designed and 
constructed. 
Second, in order to study the effect of size and shear 
displacement on the shear behavior of a single facture, 
a tensile fracture was created in granite with sizes of 
100 mm x 100 mm, 150 mm x 150 mm and 200 mm x 
200 mm, and the direct shear tests were performed with 
a normal stress of 10 MPa. In this experiment, normal 
and shear stresses were unloaded at designated shear 
displacements and the change in the surface 
topography was measured by using a non-contact 
surface profile measurement system with a laser 
profilometer, to determine the evolution of surface 
damage and aperture during shear. The results showed 
that the SD of the initial aperture increases with both 
shear displacement and fracture size. As a result, the 
closure curve tends to become more non-linear with 
shear displacement since the matedness of the fracture 
surfaces decreases with shear displacement. Thus, 
shear dilation is not only governed by the surfaces 
sliding over, but the increase in the non-linearity of the 
closure curve with shear displacement also has 
significant effects on shear dilation. Furthermore, the 
results showed that the normal and shear stiffnesses in 
the initial stage decrease with fracture size because the 
matedness decreases as the SD of the initial aperture 
increases with fracture size. However, the shear 
stiffness in the residual stage increases with fracture 
size. This can be attributed to the fact that only small 
asperities with short wavelengths are mainly damaged 
by shear, as indicated by the change in the PSD of the 
surface heights during shear. Additionally, the 
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damaged zones are enlarged and localized with shear 
displacement, and tend to form perpendicular to the 
shear displacement. 
Finally, to clarify the effect of normal stress and gouge 
material on the shear behavior of a fracture, a tensile 
fracture in granite were reproduced by using mortar 
replicas with sizes of 100 mm x 100 mm, 150 mm x 
150 mm and 200 mm x 200 mm, and the fracture 
replicas were tested in the direct shear test under two 
different values of normal stress (0.3 and 1 MPa) and 
shear displacements of 2 and 20 mm with and without 
cleaning the gouge materials that were produced during 
shear. The results showed that the SD of the initial 
aperture increases with normal stress since the 
matedness decreases due to the increase in the damage 
of the asperities as the normal stress increases. 
Moreover, the normal stiffness decreases with normal 
stress because the matedness decreases as the SD of the 
aperture increases with normal stress. Consequently, 
the non-linearity in the closure curve increases with 
normal stress. The results also showed that the 
non-linearity of the closure curve increases with gouge 
material. Therefore, the normal stiffness decreases with 
the presence of gouge material. Since almost all 
numerical simulations have neglected such effect of 
gouge material that is produced by shearing on the 
closure curve, the closure curve obtained in the 
simulation should have been underestimated. 
論文審査結果の要旨
地熱エネルギーの開発や高レベノレ放肘性廃棄物の地層処分など、の地殻環境闘すで、は，地下深部における岩盤
の透水性を矧面する必要がある。岩盤の透水性は岩盤に含まれる節理などのき裂の透水性に支配され，き裂の
透水性は地殻応力下におけるき裂の力勃句挙動によって決まる。一方，岩盤中には様々な寸法のき裂があり，
岩盤の透水糊主を正確に制面するためには，き裂の力判句挙動の寸法効果を明らかにする必要がある。しかし，
従来の研究では，せん断応力下のき裂の力勃弾動の寸法効果に関する研究は少なくかっそのメカニズムが明
らかではないことに加え，多くの研究で使われてきた一面せん蹄験の妥当性も検証されていない。
本研究では，一面せん断訴験の妥当性と試験片高さの影響に関する有限要素解析を行った後，一面せん断
誌験装置を設計・製作し，同装置を用いて，花嗣岩中に作成した引張き裂とそのモルタルレフ。リカのせん断挙
動に及ぼすき裂寸法，せん断変位ならびに垂面志力の影響に関する実聯句研究を行し、，寸法効果を含むき裂の
せん断挙動を初期間隙の変化を基に説明している。本主命文は全編6 章よりなる。
第 1 章l乱緒論であり，本研究の背景，従来の研究，本研究の目的等を述べている。
第 2 章では，ジョイント要素を用し、た三次元有限要耕平析を行い，き裂端で垂面芯力とせM折応力の集中
が生ずるが，この応力集中率はインタクトな岩石に比べて格段に小さく，せん断荷重によって生ずるモーメン
トの大きさに比例すること，さらには，閉口変位とせん断変位もき裂端で大きくなるが，き裂閉鎖挙動の非線
形性とせん断岡1ft生の垂面志力依存性によって変形の集中率は小さし、ことなどを初めて明らかにしている。これ
らは一面せん断詰験の特性に関する極めて重要な知見である。
第 3 章では，第 2 章で得られた知見を基に設計・製作した一面せん断宇場漠置にっし、て述べるとともに，
き裂間隙を求めるためのき裂表面高さの測定法，開発したモルタルレプリカの作劉去ならびに本研究における
方法論について述べている。
第 4 章では，稲田花闘岩の引張き裂の一面せん断誤験結果について述べている。所定のせん断変位で除荷
してき裂表面高さを測定することにより，まず，初期間隙の標準偏差がき裂寸法やせん断変位とともに増加す
ることを実蜘切こ明らかにし，次に，き裂寸法とともに垂面耐生や初期せん断剛生が小さくなるのはき裂間隙
の標準偏差で表されるき裂表面聞の相関性がき裂寸法とともに悪化するためであることを明らかにしている。
さらに，残留強度領域におけるせん断両l片生がき裂寸法とともに大きくなることを初めて明らかにしている。ま
た，せん断変形を受けたき裂の閉鎖挙動の非線形性がせん断変位とともに増加することを明らかにし，これま
でき裂表面の突起聞の相互乗り上げのみで説明されてきたシェアタ守イレーションのメカニズムに，せん断変位
に伴うき裂閉口変位の増加の影響を含めるべきであることを示している。これらのことは，き裂の力判句挙動
に関する極めて貴重な知見である。
第 5 章では，花商岩の引張き裂の表面形状を有するモルタルレプリカの一面せん断誤験結果におよぼす垂
直応力の影響ついて述べている。垂直応力とともにき裂表面の損傷が増加するため有期間隙の標準偏差が垂直
応力とともに増加し，その結果，き裂の垂画制主が垂面芯力とともに小さくなること，さらには，せん断変形
に伴って生ずる磨耗生成物によりき裂の垂直岡引宝が小さくなることなどを明らかにしている。これらは有用な
知見である。
第6 章は結論であり，本研究でオ尋られた成果をまとめている。
以上要するに，本研究は，一面せん断訴験の妥当性と試験片高さの影響を初めて明らかにし，き裂のせん
断挙動に及ぼわn去効果とともにせん断変位と垂高志力の影響を初めて初期間隙の標準偏差と関係づけて説明
したもので，岩盤工学そ呪b唆環境ぜ術の発展に寄与するところが少なくない。
よって，本論文同専士(学術の学位論文として合格と認める。
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